Abstract
When an esthetic single-tooth replacement with a minimally invasive tooth reduction is desired and an implant is either contraindicated or refused by the patient, metal-free restorative options may be attractive. Since the bonding procedures strengthen the cusps and provide additional support for the dentition, minimally invasive preparation is feasible. [3] [4] [5] Recent developments in the application mode of dentin adhesives [6] [7] [8] have enabled the use of indirect (lab-made) bonded restorations.
Reinforced ceramics such as InCeram (Vita, Bad Säckingen, Germany) and Empress 2 (Ivoclar, Schaan, Liechtenstein) 9,10 and composites 11, 12 such as Targis/Vectris (Ivoclar), Sculpture/Fibrekor (Jeneric/Pentron, Wallingford, Conn.), and Belleglass/Connect (Kerr, Orange, Calif.) have been proposed for the fabrication of metal-free AFPDs. The brittleness of ceramics makes this project difficult. 13 In addition, high-elastic-modulus frameworks are expected to increase stress concentration at the adhesive interface, especially in the presence of long-span AFPDs. 14 One theoretical claim is that lower-elasticmodulus frameworks would ensure a better stress transfer to the tooth and reduce tensile stresses at the adhesive interface, 15 even though no scientific evidence has shown this to be true. Composites intrinsically feature this elastic behavior but seem to be limited by their low fracture toughness compared to other materials. [16] [17] [18] Composites combined with fiber-reinforced materials seem to better comply with stress principles and provide a straightforward approach in the fabrication process. The performance of fiber-reinforced composites (FRCs) relies on adequate impregnation of the fibers by the resin monomer. [19] [20] [21] The flexural properties and ultimate strength of FRCs have been explored in various load-to-failure experiments by Behr et al, [22] [23] [24] who reported the ability of FRCs to withstand established chewing forces. 25 An alternative restorative approach was proposed that combined the flexural properties of FRCs and esthetic values of ceramics. 26 These studies provided insight into a number of biomechanical issues, yet they did not reveal the stress distribution within the tooth/restoration complex during occlusion and clenching.
Knowledge of stress distribution is important to the understanding of fatigue yielding, which generally occurs under subclinical micro-deformation (below the threshold of clinical observation). Overall stress distribution within the tooth/restoration complex is determined by geometry and hard tissue/restorative material arrangement. 27 As demonstrated by Reeh et al, 28 non-destructive approaches, rather than experimental load-to-failure, may be the best approach to determining significant differences in stress distribution. Non-destructive approaches can provide greater insight into the performance of both tooth and restorative materials but may require complex modeling tools such as the finite element (FE) method. Using the traditional biophysical knowledge database in a rational validation process, FE analysis has been significantly refined in recent years. 29 Experimentalnumerical approaches now serve as comprehensive in vitro investigation methods for the examination of the complex mechanical behaviors of prostheses and surrounding structures.
The aim of this study was to evaluate the stress distribution at the surface and interface of 3-unit posterior AFPDs with the 2-dimensional FE method. Different restorative materials (gold, alumina, zirconia, glass-ceramic, composite, and fiber-reinforced composite) and abutment preparation configurations (interproximal slots; 2-surface distal-occlusal [DO] and mesial occlusal [MO] ; and 3-surface mesialocclusal-distal [MOD]) were compared.
MATERIAL AND METHODS
Two-dimensional finite element models derived from a mesio-distal cross-section of a 3-unit AFPD were subjected to a 50-N vertical occlusal load applied to the pontic element to evaluate 6 different restorative materials and 3 abutment preparation configurations. The postprocessing files allowed the calculation of the principal stress within the restorative materials, stresses at the tooth/restoration interface, and surface tangential stresses at the level of the pontic.
Definition of structures and geometric conditions
Two natural extracted teeth (a mandibular second premolar and second molar) were selected and mounted in epoxy resin (Epofix; Struers, Basel, Switzerland) to simulate a lateral dental segment with partial edentulism (missing first molar). A space of 12 mm was left between the 2 abutment teeth (an intact premolar and an intact second molar), which were prepared with only tapered interproximal slots of specific dimensions (Fig. 1) . The corresponding FPD was fabricated with Targis/Vectris (Ivoclar) and adhesively luted with Variolink II (Vivadent, Schaan, Liechtenstein) according to guidelines described by Krejci et al 12 and Gohring et al. 30 A radiographic image of the 3-unit tooth/restoration complex was digitized with a scanning device (PhotoSmart S20; Hewlett-Packard, Palo Alto, Calif.) and used as a reference to trace the detailed contours of dental hard tissues and FPD components in a graphics software program (Freelance Graphics; Lotus, Cambridge, Mass.) (Fig. 1) . Additional lines were drawn to simulate the periodontal ligament and portions of cortical and cancellous bone along with different tooth preparations and pontic infrastructure designs (Figs. 1 through 3 ). Luting composite thickness was maintained at 100 µm; this value was averaged on measurements made in an in vitro study. 23 To foster a systematic understanding of mechanical events, the simulation was performed in 2 steps. First, a general evaluation and characterization of stress distribution within the tooth/restoration complex was performed with various isotropic materials (composite, glass-ceramic, alumina, zirconia, gold) and 1 orthotropic product (unidirectional e-glass fiber reinforcement veneered with composite) in a 2-surface abutment preparation configuration (Figs. 2 and 3 ). This aim of this initial step was to identify the material that provided the most adequate stress transfer and stress distribution. Second, an evaluation and characterization of stress distribution with different abutment preparation configurations was undertaken.
To limit the amount of data obtained, this simulation was performed only for the best material identified in step 1. The following configurations were considered ( Fig. 4) : M_D (slot preparations on the surface adjacent to the pontic on each abutment), DO_MO (occluso-proximal preparation on the surface adjacent to the pontic on each abutment), and MOD_MOD.
Mesh generation and material properties (pre-processing)
All structures and defined contours were digitized with the use of an image processing program (NIH Image; developed at the Research Services Branch of the National Institute of Mental Health, Bethesda, Md.). The computerized image was transferred to an interactive finite element program for mesh generation and pre-processing (Mentat 2000; MSC Software Co, Los Angeles, Calif.). A master mesh (plane strain elements, linear, 4-node, isoparametric, arbitrary quadrilateral) was developed for all restorative designs (Fig. 5 ). The original mesh was used for all isotropic models and had to be slightly modified (internal fiber reinforcement) to reproduce the orthotropic model.
Two mechanical material properties were required for each isotropic material: Poisson's ratio and elastic modulus. Most of these values, which are presented in Table I , [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] were determined according to a literature survey. The situation was different for the orthotropic material. The engineering constants of a unidirectional continuous fiber composite can be predicted with various micro-mechanic models, starting from the properties of the matrix and fibers. A unidirectional continuous fiber composite like Vectris Pontic (Ivoclar) is a special composite with a grade of isotropy in the plane transverse to the fiber direction (these materials are also referred to as transversely isotropic). Only 5 elastic constants are therefore independent and sufficient to describe the composite's mechanical behavior (Table II) . 42 
Boundary conditions, loadcase, and data processing
Fixed zero-displacement in both the horizontal and vertical directions was defined at the horizontal and vertical cut-planes of the supporting bone, approximately 1.5 mm beyond the root structures. A static load was applied that corresponded to slow loading, assuming no vibrational or dynamic effects in the structure. To reflect the stress distribution at the moment of equilibrium, which also was recorded during reference fatigue studies that simulated adhesive FRC FPDs, 22,23 a 50-N vertical occlusal load was applied to the pontic element as suggested by Krejci et al. 43 The stress distribution within the 3-unit tooth/restoration cross-section was solved with the MARC 2000 Analysis solver (MSC Software Co). The post-processing file was accessed through the finite element program graphical interface (Mentat).
Stress distributions and special computations
Data were analyzed in 2 forms: (1) principal stress distribution (expressed in MPa by the software package) and (2) surface tangential stresses and interfacial stresses (MPa). Both dental hard tissues and nonmetallic restoratives are brittle materials that exhibit higher strength in compression than in tension. The specific areas of compression and tension were evaluated in the form of principal stress maps. Principal stress can be defined as the stress in the direction for which the x and y components will display their maximum value. In view of the principal stress results, special computations were performed to focus on relevant areas of the 3-unit tooth/restoration complexnamely, the tensile stress area of the pontic and the adhesive interface. Mentat software was used to select the node path along the pontic gingival surface (including connection areas) and to extract the values of stress in the x-and y-directions, the xy shear stress, and the node coordinates. After the transfer of these data to a spreadsheet, the surface tangential stress for each FE node located at the pontic gingival surface of the tooth was calculated with a specific transformation equation. 44 Similar data collection and transformation were used to calculate the interfacial stress (stress perpendicular to the tooth/luting composite interface) along the node path corresponding to the preparation outline (adhesive interface).
RESULTS

AFPDs in standard abutment preparation
The principal stress analysis for the 6 materials tested is presented in Figure 6 . The stress pattern was similar for all materials and featured the typical stress distribution of a beam in a 3-point bending test: A definite compressive area extended between the neutral axis and the occlusal surface, and a tensile zone was found at the gingival portion of the pontic. Tensile stresses were maximal at the gingival surface and concentrated in the connection areas. In all situations, the remaining tissues of the abutment teeth were subjected mainly to compressive or extremely low tensile forces.
Differences among materials were found in the way tensile stresses were distributed at the gingival portion of the pontic. The behavior of the composites (with or without fiber reinforcement) clearly differed from that of the other materials. This observation was confirmed by an analysis of surface tangential stresses (Fig. 7) , which showed the "low-stress" pattern of the composites peaking at 15 and 39 MPa at the mesial and distal connections, respectively, compared to 33 and 68 MPa for other materials. Stresses were always higher at the distal connection.
Differences also were found in the stresses at the explains the similar stress pattern observed for all materials, with the most critical areas represented by the connection areas (concavities) and the gingival portion of the pontic (tensile side of the "beam").
Isotropic AFPDs in standard abutment preparation
The evaluation of stress distribution clearly favored composite AFPDs, which exhibited a low-stress pattern compared to stiffer materials, for which acute stresses were found, especially in critical structural areas (Fig. 6) . One must keep in mind, however, that the effective damage generated by a given stress, especially tensile stress, is related to the ability of a given material to resist the propagation of cracks. This common property, called fracture toughness (critical value, tension mode, also K IC ), is listed in Figure 11 for various dental restoratives and biomaterials. [16] [17] [18] Among brittle materials, composites exhibit the lowest values, which indicates that these materials alone cannot be considered for the clinical fabrication of AFPDs.
Improvements in toughness imply the association of
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adhesive interface (Fig. 8) . Isotropic composite AFPD exhibited a distinct behavior, with only compressive or very light tensile stresses. Tensile stress peaks were found with all other materials, including compositereinforced orthotropic fibers. Tensile forces were high, especially at the level of the vertical walls for both abutment teeth (molar and premolar).
Orthotropic AFPDs (FRC) in various preparation configurations
Because of the favorable results described above, the FRC material was chosen for use in the second step of the experiment. This choice was empowered by the physico-chemical properties 13 and clinical relevance of FRC materials.
The principal stress analysis for the 3 configurations tested is presented in Figure 9 . The stress pattern was identical for all configurations and featured the typical stress distribution of the isotropic composite AFPD described in the previous section. There was no detectable influence of preparation design on the behavior of the pontic area. The intensity of the interfacial stresses (Fig. 10 ) appeared to be related to the location of the margin with regard to preexisting stresses within the abutment. Because tensile stresses are always present at the surface of a premolar abutment (except for the connection area), the margin of all 3 designs exhibited tensile interfacial stresses, especially at the mesial extension in the MOD design. This mesial cervical area consistently demonstrated a higher stress level. Among all 3 designs, only the DO exhibited almost pure compression at the interface. In the molar, a significant tensile peak was found at the base of the mesial axial wall. Except for this area, all interfaces exhibited compressive or low tensile stresses. Interestingly, the occlusal floor in the MO design was located exactly on the neutral axis that separated the compressive and tensile areas.
DISCUSSION
Although teeth are 3-dimensional structures, important mechanical events in 3-unit FPDs appear within the mesio-distal plane (general-beam model). These events support the use of the 2-dimensional plane-strain model for numerical analyses. The use of a 2-dimensional model is also valuable because of its improved performance in terms of element number and simulation quality. Although they are more realistic, 3-dimensional models provide a coarser mesh because of increased memory requirements that do not allow for the fine representation of tooth forms or thin layers (such as the luting composite, remaining enamel, or thin extensions of restorative material).
Overall stress distribution within the tooth/restoration complex is determined by geometry and hard tissue/restorative material arrangement, 27 which fiber reinforcements in composites or the use of highly crystalline ceramics (alumina and zirconia). One major problem with ceramic materials is their brittleness and inherent lack of resilience. Given these characteristics, the tooth position must allow a wide embrasure reduction since the weak point of the prosthesis will be at the interproximal contact points (Figs.  6 and 7) . Another shortcoming of stiffer core materials relates to stress transfer to the adhesive interface: The toughest isotropic materials in this experiment (gold, alumina, zirconia) demonstrated significantly higher interfacial stresses (Fig. 8) . These results confirm the assumptions of Vallittu et al, 15 who favors more resilient materials. The only material able to produce a uniform compression of the adhesive interface under functional loading was the unreinforced composite. For all other materials, interfacial stresses exhibited a characteristic pattern that switched from compressive mode at the horizontal walls to tensile mode at the vertical walls (Fig. 8) .
Orthotropic AFPDs
In dental reconstructions, uni-, bi-, or multidirectional fiber orientation can be used. Unidirectional fibers produce anisotropic (orthotropic) mechanical properties in the composite and are preferred to multi-directional fibers when the direction of the highest stress is known. 23 Uni-directional fibers were used in the present analysis and corresponded to one possible application technique of the pontic element in the Targis-Vectris system. Load-to-failure experiments have demonstrated that artificially aged AFPDs made of Targis-Vectris can withstand loads of 600 to 700 N (applied to the pontic), which is well above the maximum chewing force measured in young patients with natural dentitions (~400 N). 25 The larger value also far exceeds the fracture strength of InCeram alumina. 22 The main advantages of combining composites and fiber reinforcements are the resultant high strength values and simultaneous resilient component in the tooth/AFPD complex. In the present study, resilience of the composite proved favorable in terms of stress transfer to the adhesive interface. It was also noted, however, that acute interfacial tensile stresses still occurred at the vertical preparation walls (pulpal wall), especially on the molar abutment (Fig. 8) .
Using the same FE-mesh, the design of the pontic material was optimized to avoid contact with the pulpal wall (Fig 12, A) . The resulting stress distribution was significantly improved through the reduction of tensile stress peaks at the interface (Fig 12, B) . This optimized design did not raise the tensile stresses at the gingival level of the pontic. Perenniality of the adhesive interface, however, is also related to the dentin bonding agent. An ideal bond was simulated in this numeric analysis. In clinical reality, with the traditional application of a bonding agent, such a result might be difficult to achieve. Loose et al 22 reported that the interface between the luting composite and tooth was the weakest point in the FPD joint. If a considerable area of dentin is exposed during tooth preparation, which is usually the case with AFPDs, it is suggested that a dentin adhesive be applied in a different mode. [6] [7] [8] A significant problem is raised when exposed dentin is not protected between preparation procedures and insertion of the definitive prosthesis. Various extrinsic contaminants can alter further adhesion to dentin. This situation can be avoided through the immediate application of dentin adhesive at the time of tooth preparation, prior to the final impression. [6] [7] [8] This precaution will not only result in an enhanced bond and protection of the pulp-dentin complex but also minimize tooth sensitivity during the provisional phase. When the restoration is bonded, the surface of the adhesive must be roughened with a bur or air-particle abrasion. 8 The bonding procedure itself will, therefore, be limited to conditioning of the enamel involved (use of phosphoric acid etching followed by alcohol drying).
Preparation configuration
With regard to the ideal abutment configuration for FRCs, extension of the preparation did not result in improved stress distribution. Interfacial stresses, as illustrated in Figure 9 , indicated that preparation extension in the premolar abutment was not desirable and placed the mesial margin in tension mode. Whether the MOD configuration improved retention through increased primary stability and adhesion surface could be investigated further. In this study model, 2-surface abutments were the only configuration to exhibit almost pure compression at the interface. On the molar abutment, the preparation floor in the MO design was located exactly on the neutral axis (almost stress-free).
Limitations of FRCs
The weak point of fiber-reinforced composites is that they currently do not offer a durable esthetic result. Further research is required to demonstrate whether bulks of this material (such as large cusps on the pontic) can withstand long-term functional loading. An alternative approach would be to combine the flexural properties of FRCs and the esthetic values of ceramics. 26 Regarding the fiber reinforcement itself, the concentration of fibers (as obtained in vacuumpressed Vectris) does not always lead to increased strength. 24 System success depends on the cohesiveness between the fibers and the surrounding resin matrix, which should ensure uniformity of stress transfer from the matrix to the fibers. For this reason, pre-impregnated FRCs are used: Glass fibers are covered with a silane coupling agent before they contact resin monomers. 19 The presence of voids due to poorly impregnated fibers affects the loading-bearing capacity of the complex. As oxygen reservoirs, voids inhibit the polymerization of the acrylic resins inside the composite. 20 Furthermore, porosities can enhance the water sorption of FRCs with a detrimental effect on mechanical properties 21 and discoloration due to the penetration of oral micro-organisms.
CONCLUSIONS
Within the limitations of this simulation experiment, the results suggest that AFPDs made of fiber-reinforce composite may be a viable alternative to traditional, more invasive FPDs. The potential of the system appears to lie in the combination of a resilient, flexible component (the composite) and strong reinforcement (glass fibers). Resiliency may prevent the development of harmful stresses at the adhesive interface, and reinforcement may protect the pontic from excessive strains, resulting in the restoration's ability to withstand high functional loads in vitro. In this study, 2-surface abutment preparations exhibited a substantial surface for adhesion and did not subject the interface to harmful stresses. A complementary analysis revealed that contact between the fiber frame and the pulpal wall of the abutment preparation should be avoided. Clinical trials are required to ensure that veneering composite can survive under medium-tolong term clinical conditions, especially in its connection to the fiber frame at the critical level of the pontic.
